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INTRODUCTION 
The material studied in this paper is a thermoplastic matrix (polypropylene) with 
short glass fiber reinforcement (SFRP). Complex geometry parts are cheaply produced in a 
process called injection molding, thus it is commonly used in numerous applications. Abe 
et al. [I] characterized the flow pattern of fiber reinforced polypropylene with ultrasonic C-
Scans. Matsushige et al. [2] applied single pulse spectroscopy to polymeric materials. They 
studied the effect of glass fiber diameter and content on the ultrasonic frequency spectrum 
and interpreted their results according to the different scattering regimes (1tD/A.« I, 1tD/A. 
:::; I, 1tD/A.» I; D: size of the scatterer, A.: wavelength). Newell et al. [3] determined elastic 
constants of an approximately orthotropic cellulose fiber reinforced polypropylene by 
velocity measurements in the 0.5 to 5 MHz range. They observed that the dispersion curves 
level off at frequencies above I MHz, which is consistent with a relaxation time constant of 
the order of a few microseconds. Chu and Rokhlin [4] used longitudinal and transverse 
velocity measurements to characterize the fiber/matrix interphase in ceramic composites. 
The intention of this paper is to study ultrasonic parameters that are sensitive to 
damage in SFRP. Besides wellknown parameters, such as velocity and damping, the data is 
analyzed according to statistical concepts based on the "meanfield theory" [5]. 
MATERIAL PROPERTIES 
Samples for tensile loading were cut out of3.81 mm thick polypropylene plates 
containing 30% (wt.) of short glass fibers (VESTOLEN P7052; HULS, Germany). The 
plates show two dark stripes in the flow direction of the mold which are attributed to an 
inhomogeneous filling process and identified as regions containing many, tiny air bubbles. 
They can be regarded as intrinsic flaws inducing a damage increase above average. 
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Figure 1. Micrograph of a damaged specimen. The dominant failure mechanisms are matrix 
cracks and debonding (visible as dark shadows along the fibers). 
The axis of uniaxial loading was perpendicular to the flow direction, in which the 
majority of the fibers are oriented. The specimens were characterized with B-Scans before 
and after being subjected to different levels of applied strain in tension tests (Emax = 0, 1, 2, 
3,4 and 5%). The tensile loading caused qualitatively reproducible damage in the samples. 
A strain of Emax ~ 3% leaves visible marks of damage - the matrix cracks show up as thin 
white lines. For samples with Emax = 2% careful investigation yields the same result. But a 
sample with Emax = 1 % can not be distinguished from an undamaged one by mere eyesight. 
A micrograph of a specimen after loading up to 5% maximum strain is given in 
Figure 1. The dominant failure mechanisms are matrix cracks and debonding, which tum up 
as dark shadows along the fibers. As a result a strain of about 0.8% remains after unloading. 
The remaining strain does not depend linearly on the maximum applied strain - it is 
negligible for Emax = 1 %. Fiber fractures were not observed. Matrix cracks hitting the fiber 
rather made their way along the fiber (debonding) than breaking it - a consequence ofthe 
weak fiber/matrix interface. 
EXPERIMENTAL SETUP 
The ultrasonic investigations were carried out with a fully PC-integrated system 
containing three ISA bus plug-in slot boards: 
• a generator and reception unit for pulsed ultrasonic signals (HILL-SCAN 3000; 
Ingenieurbiiro Dr. Hillger, Germany) 
• an AD converter with up to 200 MHz sampling rate (PAD 82; Spectrum 
Systementwicklung, Germany) 
• a step motor controlled driving the three-axis scanner (MPK3; isel, Germany) 
The advantage of this compact setup is that the data taken resides in the computer 
memory and can be processed straight away. A speciality of this system is the software 
"REFLEX" (scientific software development Dr. Sandmeier, Germany) which is designed 
for the analysis and presentation ofB-Scans rather than operating on single A-Scans, which 
speeds up the analysis considerably. This software was originally used in radar and 
geophysical applications. 
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Figure 2. B-Scans taken before and after tensile loading up to Emax = 2% and 4%. 
Data was taken in reflection and transmission mode with both the transducer(s) and 
the specimen immersed in water using vertical incidence. The standoff distance was 40 mm. 
The transducers employed (L5ME, HI OM; Krautkrfuner, Germany) have center frequencies 
of 5 and 10 MHz, 100% bandwidth and a diameter of 5 mm. 
RESULTS 
Conventional Parameters 
Three B-Scans taken of a sample before and after tensile loading up to Emax = 2% 
and 4% resp. are shown in Figure 2. For better comparison the data has been time-shifted 
such that the front reflection coincides within and among the B-Scans. After the front 
reflection there are minor reflections from the glass fibers which weaken as the amplitude 
of the propagating wave is being damped. The back face reflection has much less intensity 
than the front face reflection for three reasons: 
• polymers have a high mechanical loss factor 
• there is scattering at fibers, cracks and air bubbles 
• the ultrasonic beam reflected from the back face passes two more boundaries than the 
one reflected at the front face : from water into the composite and back. 
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Figure 3. Group velocity after different maximum applied strain (Emax = 0, 2, 4%). 
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Figure 4. Damping after different maximum applied strain (emax = 0, 2, 4%). 
The B-Scans clearly reveal that the transit time through the sample increases with 
damage. The material's stiffness is reduced, because the adhesion between fibres and matrix 
is lost after debonding (even if there were no chemical or physical bonding at all, there 
would be adhesion due to thermal shrinkage of the matrix upon the fibers in the 
manufacturing process). The transit time increase is especially large in the region of the 
dark stripes mentioned above, which confirms their interpretation as intrinsic flaws. 
The velocity can be readily extracted from the data by dividing twice the thickness 
through the transit time (Figure 3). The effects described above turn up more clearly in this 
presentation (the percentage at the data points corresponds to the maximum strain applied). 
The velocity decrease of 4% between emax = 0% and 2% is significant. 
Figure 4 shows the increase in damping due to damage. It was calculated from 
-\ (ABI' IT) 
a= 2L ·20Log10 ~ , (1) 
where L is the sample thickness and ABF resp. AFF the peak amplitudes at the back resp. 
front face reflection. T is the transmission coefficient that corrects for the amplitude 
reduction of the back face reflection due to the two additional transmissions from water into 
the specimen and vice versa. The different damage states can be distinguished, but the 
signal to noise ratio is less than in the case of velocity. 
Spectral Characteristics 
The A-Scans used for spectral analysis were the average of 120 A-Scans taken at 
different positions. The Fourier transforms of A-Scans before and after loading up to 
emax = 1% are given in Figure 5. The spectra show characteristic minima that result from 
interference of the spectra offront and back face reflection [6]. The envelopes of the 
spectrum are given by the sum and difference of the spectra of front and back face 
reflection. The spectrum of the damaged sample is shifted against the undamaged one. In 
contrast, spectra of different undamaged samples reproduce the position of the minima very 
well. Thus the observed shift is indicative for a damage in the specimen. 
The frequency dependent attenuation was calculated according to Eq. (l) with the 
peak amplitudes A BF and A FF being replaced by the spectral amplitudes FBF (f) and 
FFF (f) of the separate Fourier transforms of back and front face reflection. 
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Figure 5. Fourier transforms of A-Scans before (solid) and after loading up to Emax = 1 % 
(dotted). The envelope of the spectra are given by the sum and difference of the spectra of 
front and back face reflection. 
The resulting curves were fitted to a linear damping model (a = aj) that accounts 
for the high mechanical loss factor of the viscoelastic material. This model is well 
applicable in the 2 to 7 MHz frequency range, where damping due to intrinsic absorption is 
much larger than Rayleigh scattering at fiber or matrix cracks [7]. The slopes given in 
Figure 6 were fitted to data for damaged and undamaged specimens. The relative slopes 
b.ala have a good signal to noise ratio and clearly separate different maximum strain levels 
within their error limits. 
The phase velocity was calculated according to 
4rtLf 
cph(f) = , (2) 
(jl BF (f)-(jl/'F (f) + rt 
where fPBF (f) and fPFF (f) are the phase angles of the separate Fourier transforms of the 
back and front face reflection. Since they are usually given modulus 21t, the term 21tn, with 
integer n, has to be added in the denominator. The number 1t in the denominator accounts 
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Figure 6. Damping depends linearly on frequency. Relative damping slopes for an 
undamaged specimen and after loading up to Emax = 1 % and 2%. 
723 
0,02 
~ 0 > I 
<] 
~ 
-0,02 'u 1: 0 
Qj 
-0,04 > 
Q) 
> 
+l 
-0,06 III 
e 1: 
-0,08 
0 2 ~ maximunstrain in D/4t-
Figure 7. Relative velocity shift averaged over the 3 to 7 MHz range for an undamaged 
specimen and after loading up to Emax = 1 % and 2%. 
for the phase jump at the front face reflection that does not occur at the back face. In the 3 
to 7 MHz range the velocity is almost independent of frequency [7]. Figure 7 shows the 
relative velocity averaged over this frequency range for undamaged and damaged 
specimens. The velocity in the damaged samples is significantly reduced and clearly 
separated from the undamaged one. The velocity decrease is due to a loss of stiffness in the 
material, which can be attributed to fiber/matrix debonding. Whereas the weak fiber/matrix 
interface still enables stress transfer and wave propagation, the debonded interface does not. 
This interpretation is supported by recent experiments with specimens that have a strong 
fiber/matrix interface. Even broken specimens did not show a velocity decrease. 
Statistical Properties 
We describe the short fiber reinforced polymer as a random medium (5). In this 
model the elastic constants fluctuate with variance (i about a certain mean value. But the 
fluctuations are not arbitrary - they are correlated, i.e. the difference in the elastic 
constants at two points is (on average) less if they are close. The parameter used to quantify 
this property is the correlation length a. 
At any point r in the random medium, the wavefield can be split up into two parts 
u(r,t) = (u(r ,f)) + uj(r ,f). 
The statistical ensemble average () is taken over all sets of realizations of the random 
medium: 
(u(r,f))=~ IuJr,f). 
N ;=1 
(3) 
(4) 
For an ergodic medium the ensemble average can be replaced with the average of wave-
fields propagating along different paths through the medium. In Eq. (3) U j (r ,f) denotes the 
incoherent field, i.e. the fluctuations about (u(r,t)) , and consequently (uj (r,t)) = O. 
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We introduce the fluctuation parameter e by 
lu-{u)1 lUll 
e = lWI = l{u)I ' (5) 
(e2) is a measure for the wavefield fluctuations. Its frequency dependence is related to the 
scattering mechanism in the medium. A weak fluctuation region is characterized by 
(e2) « 1. It then follows [5] that 
(6) 
with Cl(U) being the meanfield scattering coefficient and L the travel distance. Another result 
from meanfield theory relates Cl(U) to the medium characteristics (i and a and to frequency f 
2 (2'j)2 Cl (u)occr a c . 
By combining equations (7) and (8) and taking the logarithm, we get 
loglo(E 2) = 10glO( 2cr 2aL(1f- jon + 210g lo(f) · 
(7) 
(8) 
A double logarithmic plot of the experimental data available in the 2.5 to 12.5 MHz 
frequency range is shown in Figure 8. The data taken after different maximum strain levels 
(emax = 0, 1,2%) can be clearly distinguished. According to Eq. (8) the curves can be fitted 
to a straight line with a slope of 2. From the offset of the fitted line the value of cr2 a, which 
characterizes the material properties, can be calculated. cr2 a increases rapidly with the 
applied maximum strain (Table I); it is very sensitive to the amount of damage present in 
the sample. 
The interpretation of cr2 a is unclear and a matter of ongoing research. On the base of 
meanfield theory we expect a scatterer the size of the wavelength for the quadratic power 
dependence. This is consistent with the requirements of the stochastic phase scattering 
mechanism usually employed for a quadratic power law. In the 2.5 to 12.5 MHz range the 
wavelength is between 0.2 and I mm, which excludes fibers with a diameter of about 10 
J.lm as possible explanation. We rather have to assume that scattering at fiber clusters in 
combination with matrix cracks is responsible for the observed effect. 
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Figure 8. Fluctuation parameter (e2) for different maximum strain (Emax = 0%, 1 %, 2%). 
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Table I. Sensitivity to damage of various parameters extracted from ultrasonic data. The 
number in brackets indicates the error in the last digit. 
max. strain emax 0% 1% 2% 
slope of attenuation a in 0,397(2) 0,424(1) 0,472(1) 
dB/mm*Hz 
phase velocity averaged 2,557(5) 2,495(4) 2,375(25) 
over 3 to 7 MHz in kmls 
statistical parameter 0,0240(2) 0,123(1) 0,311(4) 2 • 
a amJ.1m 
CONCLUSION 
It has been shown that various ultrasonic parameters are sensitive to matrix cracks 
and debonding, the dominant damage mechanisms in a SFRP with a weak fiber/matrix 
interface. Besides wellknown parameters, such as velocity and damping, statistical analysis 
based on meanfield theory yields the fluctuation parameter (e2) and the statistical parameter 
a2a which have an excellent correlation to the amount of damage present in the sample. 
Table I summarizes the results. The best signal to noise mtio and the highest 
sensitivity to damage is achieved by the statistical parameter a2a. The reason for this 
excellent performance is the subtraction of the meanfield which greatly reduces the 
influence of the intrinsic mechanical properties of the polymer and such highlights the 
effects of damage on the ultrasonic signal. 
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